Condition monitoring for wind turbines could reduce maintenance costs and improve the operational reliability of wind farm. This paper will propose a new method to monitor the condition of drivetrain system by real-time temperature data. Firstly, the temperature prediction models for the normal behaviour of main bearing, gearbox and high speed shaft bearing are built up by Autoregressive-Moving Average Model (ARMA) and then the corresponding temperature can be predicted. To some degree, the prediction residuals give an indication of actual running state of components. The residual and its distribution characteristics would change when the abnormality exists in some components. Based on this principle, this paper presents a new fault prediction method of the drivetrain system. In the proposed method, the residuals of ARMA are taken as input. An alert is given to remind the operators to check the devices in order to prevent fault and serious accident when the discrimination function value exceeds the pre-set threshold. By the simulating analysis under the normal state and the fault state respectively, it was verified that the proposed fault prediction method can find out the abnormal state of the drivetrain system of wind turbine and achieve the goal of condition monitoring in real time.
Introduction
With the increasingly serious energy crisis and environmental deterioration, the use of the renewable energy has aroused widespread concern. Especially wind power has currently been become much mature technology, and a relatively large capacity has been installed around the world. In China the renewable energy power generation will account for about 15% of the total electricity production by 2020 [1] [2] . With the rapid development of the wind power, its maintenance costs has a significantly influence on the economic benefit. Unlike other power generation, most of wind turbines are located in the remote areas with complicated geographical situation, it leads to a much higher failure rate and be difficult to repair. So this would cause a long downtime if there are serious failures or maintenance work is also delayed due to bad weather.
Drivetrain system is a very important part in wind turbine. Statistics showed that the failure rate of the drivetrain system is relatively low, but the maintenance process is more complicated than hydraulic system and electronic control system whose failure rates are highest, and so on. Especially for offshore wind turbines, when a wind turbine should be repaired we need to consider the weather and use special equipments such as ship, crane, etc. So the fault of drivetrain system will cause serious economic losses [3] . If monitoring the running condition for some parts of drivetrain system, potential faults can be detected by analyzing measuring data before they happen, then operators can take precautions to prevent further damage. It is of great significance to strengthen the security of wind turbines.
At present, most of the methods in this field about fault prediction of wind turbines are vibration analysis [4] [5] [6] , acoustic emission signal analysis [7] [8] and torque analysis [9] [10] [11] . However, the number of these sensors installed on wind turbines is not enough and these sensors only offer an alarm threshold of amplitude vibration. The acquisition speed of vibration signal usually cannot meet the needs of high frequency vibration analysis [12] . This paper makes use of on-line temperature monitoring data of wind turbines and investigates the relation between the fault of main components (the main shaft bearing, gearbox and high speed shaft bearing) of drivetrain system and their temperature, and then the temperature prediction model for the monitored components was built up by Autoregressive-Moving Average Model (AMRA). An effective on-line fault prediction algorithm is presented for main components of drivetrain system based on ARMA model. The main idea of this algorithm is to take advantage of a change detecting function to indicate the deviation between actual running state and the predicting condition. Finally, the simulating results verify the validity of the proposed method for early fault prediction to main components of wind turbine drivetrain system.
Common Faults of Drivetrain System
The drivetrain system of wind turbine comprises mainly main shaft and its bearing, gearbox, high speed shaft and its bearing. As an important subsystem of wind turbine, it transmits the power which comes from blades to the generator and makes it work at a high rotating speed. The manufacturing process of gearbox has been mature and the reliability is high. But it often operates in high-speed, heavy load and strong shock environment. It is easy to cause wear of bearings, fracture of gear surface, ect. [13] . During operation, imbalance of bearing, abnormity of cooling device, fluctuation of load and abnormal variation of rotation speed may lead to the abnormal bearing temperature increase, affect gearbox's normal work and even cause a wind turbine out of service. According to the statistics, the chance of gearbox fault in the total faults of wind turbines is about 9.8% [6, [14] [15] . And in all the types of faults, the gearbox fault will cause the highest maintenance costs and the longest time out of service [10] [11] .
The fault of bearing has a high proportion on all the types of faults. Bearings are the support of the rotating machinery's shaft. Its operation state has the greatest influence on the whole machine [16] [17] . The main bearing of wind turbine supports the main shaft and connects hub and gearbox. It's prone to two types of failures. One is wear failure gradually variable and the other is surface damage failure [18] . In the period of potential fault, frayed or damaged bearing will repeatedly smashing into other part's contacting surface. As a result, it will lead to the bearing temperature increase. If the risk is not found and do not take measures in time, it will develop into more serious failure even shutdown.
Due to the transmission system is hard to maintain, its maintenance costs would be a tremendous loss. It is particularly important to monitor the operation state in real time. To find out the abnormal state before fault happens is important to guarantees the economy and reliability of wind turbine.
ARMA Model and Prediction of Main Components Temperature

ARMA mathematical prediction model
We use a mathematical method of time series analysis ARMA(p, q) to establish the temperature prediction model of main shaft bearing, gearbox and high speed shaft bearing in normal state. This model has high accuracy and is suitable for short-term prediction. The modeling idea is that number sequences which change over time and have the intrinsic relation can be approximately described by the corresponding mathematical models. In the modeling process, the past values which affect the prediction and the distractions are both considered.
Before establishing the model, time series data should be validated and must be stationary. If not, smooth the sequence first by difference method, season difference method and the combined application of function transforming method and difference method, then the sequence {Y t } become stationary. Y t is influenced by the values before Y t-p and is also influenced by random disturbance 1 2 3 , , , ,
 . The sequence can be described as
where i
ARMA(p, q) model can be further described as the following form by lag operator B.
Furthermore, ARMA(p,q) model must satisfy that () B 
and () B 
have no common factor and 0, 0
Hence, by the model (1), the one-step predicted value is . In the above model, we use p autoregressive items to descibe the relationship between current value and historical values and use q moving average items to descibe the accumulative error of the autoregressive part.
Obviously, we should determine the order(p,q) of the model before estimating the unknown parameters. First we determine the model which is able to be tested by Autocorrelation Function (ACF), Partial Autocorrelation Function, the truncation and the trailing of ARMA. Then according to the AIC rule, choose the optimal parameters (p, q). After we known the order of model, we can estimate the unknown parameters and ultimately obtain the ARMA model. In the paper the least squares estimation is used to estimate unknown parameters of model.
After obtaining the ARMA model, we need verify the validity of model by the hypothesis test. In addition, we also can evaluate and analyze the model by history simulation or comparing predicted values and actual values. Now that we have completed the order determination, parameter estimation and validation of ARMA(p,q) model, and the predictive model writes (1) 1 11p
Prediction model of main component temperature of drivetrain system
We use the monitoring data of the SCADA system to build ARMA(p, q) model. In the paper the real-time temperature information are used to indicate condition and predict the early fault of drivetrain system of wind turbine. These temperature measurement data include the ambient temperature, the gearbox oil temperature, the main shaft bearing temperature, the gearbox bearing temperature, the high speed shaft bearing temperature, the generator temperature.
Considering that wind turbines monitored in the paper locate in north area of China, wind speed and ambient temperature vary widely in different seasons. The time span of the data which are chosen to build model should consider season factor. In our research, the time spans is a month, and gets a group of average temperature values per 5 minutes in this span. After the above steps, we get 8928 average temperature records.
Taking advantage of above proposed method for calculating the ARMA(p, q) model, we obtain one-step predictive models of drivetrain system as follows.
where, ( ) ( ) ( )ˆ, ,
T T T denote predicted values of main bearing temperature, gearbox temperature and high speed shaft bearing temperature at k-th moment, respectively. It is important to note that for the prediction model (4), the gearbox temperature is computed by the weighted sum of the gearbox oil temperature and gearbox bearing temperature, that is,
Considering the fact of wind turbine, the weights 12 , take the same value 0.5. Besides, it's worth noting the delay of temperature data from monitoring equipment or SCADA system. Generally speaking, the data delay would influence the prediction results. In the prediction model used in this paper, we take into consideration the effect of the mgroups temperature data before the predicted instant and m is taken as 3 in this paper. This method will weaken the effect of delay.
Fault Prediction Method of Drivetrain System Based on Temperature
In the previous paragraph we have got three temperature prediction models of main components of drivetrain system. These models can describe their normal state well. Under normal condition, the input ( , )
T  and the actual temperature should meet the relation described by model at the predicted instant; while an abnormality occurs, the dynamic behaviour of drivetrain system will change this lead to the actual state disaccord with the prediction state of normal model. The residual which is the difference between actual temperature and predicted temperature will increase and the residual distribution is significantly different from the distribution in normal state. In other words, the residual can reflect the change of actual running state of the components.
Based on the above analysis, the residual is taken as an important indicating index which can reflect the running condition, so it may be used as the input of the fault warning algorithm. Before analyzing the warning algorithm, we should first introduce several basic concepts.
Consider a group of independent variables () k yk, and its probability density is () py  . Let 0 t be a instant of alarm, the alarm index  which reflects the change of system state is 0  before 0 t ; the index  is equal to 10 ()
 
after the time 0 t . The goal of condition monitoring is to identify the variation of these indices.
Here is an important mathematical statistical concept --likelihood ratio logarithm [19] , its definition is as follows. That is, the variation of index  can reflect in the change of the average of the logarithm likelihood function.
Assume that there are N sample data; we can determine decision rules by the following hypothesis test. :
If the decision is taken in favour of 0 H , the monitored system operates in a normal state. Otherwise, the monitored system operates in an abnormal state.
The following definition is the likelihood ratio logarithm of the monitoring value j y to k y . 
In (9), i s is called sufficient statistic [19] .
Based on the theory mentioned above, for the fixed samples N we can get the optimal decision rule in the following to identify abnormity. For the condition monitoring of wind turbine, such as gearbox, assume that we have established the prediction model (4) . According to the theory mentioned above, we can monitor the condition of gearbox by the temperature residual sequence r T . Obviously, the residual sequence obeys the normal distribution under the health condition. Its mean and variance can be denoted by  and 2  respectively. In this case, the index  mentioned above is the mean of residual  . Its density function is 
For the fault warning of gearbox, the optimal decision rule is
where, 1
For the warning threshold h , we can obtain it by the historical statistic data and the prior information of . Similarly, the warning method can apply to predict faults of main shaft bearing and high speed shaft bearing. When the monitored function value exceeds their respective threshold values the warning system will send alerts and remind operators to check equipment or take certain preventive measures. The waning algorithm takes K temperature samples as a group to calculate 1 () N SK (in this paper, taking 12 temperature samples for each hour). After establishing the prediction models of the three components of drivetrain system, we can predict their temperature according to the flow chart shown as the Fig.  1 . Then we can get the three components' warning curves by their decision functions, and these curves can be displayed in the sliding windows. Comparing the results of waning algorithm with the threshold, operators can discover the potential failure in time.
Historical data in normal state
Example Analysis
In this section, the proposed early fault prediction method is tested base on the monitoring data of wind turbine (36#) in a northern wind farm of China. The data from October 4, 2011 to October 5, 2011 were used to simulate and analyze. First we establish ARMA prediction models of main shaft bearing, gearbox and high speed shaft bearing using the monitoring data. Then taking these residuals as input, the warning curves from 0 o'clock October 4, 2011 to 24 o'clock October 5, 2011 were obtained. Besides, in order to verify the method is effective in abnormal state, we simulated gearbox fault artificially and got the warning curves in this situation.
Fault warning analysis in normal state
During October 2011, the 36# wind turbine operated under health condition. In operation manual, the lower limit of gearbox oil temperature is -10℃ and the upper limit is 80℃. The temperature prediction result and residuals are shown in Fig.2 and Fig.3 respectively. From the two graphs, the residuals of the three components fluctuate around zero and the amplitude is very small, that is, the predicted values and the actual values are identical. The warning curve is shown in Fig.4 , we calculate a discrimination function value per hour to monitor running state of monitored parts from 0 o'clock October 4, 2011 to 24 o'clock October 5, 2011. Obviously the three components' warning curves fluctuate small during the two days and the curves are under their threshold values. These indicate that the drivetrain system operates in a good condition. This simulating results verify that the proposed algorithm works well in health condition.
Fault warning analysis in abnormal state
There is no fault record with the 36# wind turbine in October 2011. In order to verify the proposed prediction method is effective for potential fault, the gearbox fault case is simulated. The prediction curves, the residuals and the warning curves are shown in Fig.5, Fig.6 and Fig.7 . Fig.5 shown, in order to simulate temperature increase which results from gearbox fault, the given biases are added from the 408th gearbox temperature data(the total is 576) and this makes gearbox temperature gradually increase to nearly 80℃. In Fig.5 and Fig.6 , the temperature residuals of main shaft bearing and high speed shaft bearing fluctuate smoothly around zero. The simulation results of the two components show that the predicted curve keeps pace with the actual temperature curve. However, for the gearbox, the residuals gradually deviate from zero. The actual temperature is significantly higher than the predicted temperature which is obtained by the normal prediction model.
The warning curves clearly show operating state of these components in Fig.7 . The decision function values of main shaft bearing and high speed shaft bearing are lower than their threshold values. But at 13 o'clock October 5, the warning curve of gearbox exceeds the threshold for the first time and it goes on rising rapidly, and it is the second calculating point after adding temperature biases. In this situation, we can preliminary judge that there is a potential fault in the gearbox and the operators must check it or take corresponding maintenance measures to avoid serious accidents happening.
Above simulation show that we can obviously judge the drivetrain system's running state by the proposed method to monitor main bearing, gearbox and high speed shaft bearing, and their early fault can be predicted in time.
Conclusion
For the wind turbine, it's significant to monitor running state of each components and then detect potential fault of the devices by analyzing wind turbines' SCADA data online. In the paper, using temperature information of drivetrain system, we establish temperature prediction models of main shaft bearing, gearbox and high speed shaft bearing in health condition. These prediction models have high accuracy since the influence of disturbance is considered in it. If there is potential fault, the related temperature will deviate from normal state, and the residual distribution character obtained by the ARMA prediction model will change. The residual can effectively reflect the running state of each components of drivetrain system, hence we take residuals as inputs, and an early warning method which can predict the potential faults of transmission system is constructed.
This method uses the sliding windows to show discrimination function values in real time, and judges running state of drivetrain system's components by comparing the discrimination function values with their thresholds. Last, the simulation results verify that the proposed method is effective and can detect the abnormal change in the drivetrain system in time.
